[1] We present field observations, probability of occurrence, and three-dimensional mechanical analysis of joint nucleation from cavity-shaped flaws. A unique set of cavity-shaped flaws and their associated joints were documented in Cretaceous dolomite layers that crop out in central Israel. In this set, cavities that initiate joints (''initiator cavities'') are commonly larger and located farther away from the bottom of the layer than non-initiator cavities. They also have significantly less neighboring cavities. The probability of occurrence of initiator cavities is calculated by a logistic regression and compared to a mechanical analysis. Stress distribution around a cavity is calculated analytically using the solution for the elastic stress distribution around a spherical cavity in an infinite medium under triaxial loading and numerically using three-dimensional simulations. The analytical solution and numerical modeling show that a single cavity transforms the remote compression into local tension around its periphery. The numerical simulations enable us to relate the magnitude of the tensile stress to the cavity size, location within the bed, and the relative orientation of the neighbor cavity. Our observations and analyses indicate the existence of effects arising from both the size of cavities and their distribution in the rock mass. It is shown that the reduction of rock strength by increasing porosity cannot simply apply to heterogeneous media such as carbonatic rocks. These results demonstrate the role played by large, isolated, and preferably located cavities in initiating joints in heterogeneous media.
Introduction
[2] The brittle upper crust contains a variety of structures, the most common of which are joints. They profoundly provide pathways for underground fluid flows such as groundwater, magma and hydrocarbons [e.g., Pollard and Aydin, 1988] and their geometry and orientation are used to estimate the fracture driving stress and direction of the remote/local tensile stress [e.g., Olson and Pollard, 1989] . However, the nucleation and growth of joints are yet not completely understood and are the focus of this study. Rock-mechanics experiments and field observations show that fractures in rocks and other materials initiate at defects or flaws; this is because flaws amplify the remote stress field up to a point that the local tensile stress at the flaw edges exceeds the tensile strength of the rock [e.g., Inglis, 1913; Pollard and Aydin, 1988; Lawn, 1993] . These flaws range in size from microns (high-density, fine-grained, polycrystalline ceramics) to millimeters and centimeters (concretes, rocks). Almost invariably, the flaws introduced during material processing and rock formation are widely distributed in size, shape, orientation and location, forming bimodal or even multimodal ''flaw populations'' [Lawn, 1993] . In rocks, it is likely that more than one flaw type coexists [Wong and Zhu, 1999] but geologists are usually more concerned with those flaws that nucleate well-developed fractures. Some of the more common macroscopic flaw types in rocks are cavity and inclusion populations. However, such populations are rarely characterized in natural conditions, although such analysis is essential for understanding the rock fracturing process [e.g., Fischer and Polansky, 2006] , and the mechanics of fracture network formation [Renshaw, 1996] .
[3] Several field studies demonstrate the association between rock heterogeneity, nucleation and growth of joints in sedimentary rocks [Weinberger, 2001a, and references therein] . In the layered siltstones and shales of the Appalachian Plateau, central New York, joint initiation points are almost always located at bedding interfaces at flaws such as fossils, pyrite concretions, voids, cusps and burrows along such surfaces [Bahat and Engelder, 1984; Lacazette and Engelder, 1992] . When a stack of siltstone layers is jointed, the joint initiation points are all located at the top of each layer, consistently where a joint approaching from above first intersects the next layer [Helgeson and Aydin, 1991] . In stratified mud, the mud-crack initiation points are consistently located along or near the base of the desiccated sediment, where potential flaws (e.g., long-grain boundary cracks and large pores) are more abundant due to the natural finingupward sorting of grains [Weinberger, 1999 [Weinberger, , 2001a . Consequently, these large flaws initiate mud cracks before small flaws at the top initiate them, even though the tensile stress due to drying declines downward through the mud. These studies demonstrate that besides rock and interface properties and loading conditions, the spatial distribution and geometric characteristics of flaws also affect the nucleation of fractures.
[4] A unique set of cavity-shaped flaws and their associated fractures (hereafter ''cavity-driven joints'') were documented in dolomite layers of the Soreq Formation that crops out in central Israel [Weinberger, 2001b] and served Bahat et al. [2005] and Pollard and Fletcher [2005] to demonstrate elements of fracture geology. In a previous study, Weinberger [2001b] examined the surface morphology of the joints, provided a qualitative analysis of the role played by the cavity-shaped flaws on joint evolution, and estimated the magnitude of the driving paleostress required to initiate the joints. In this study we apply probability tests and three-dimensional mechanical analysis in order to elucidate the role played by the flaw shape, size and distribution in the nucleation mechanism of joints in layered rocks.
Joints and Cavities in the Soreq Formation

General
[5] Cavity-driven joints are observed in the Albian-Cenomanian Soreq Formation [Arkin and Hamaoui, 1967] , Judea Group, that crops out in the Judea Mountains (Figure 1 ). The studied layers of the Soreq Formation are part of the eastern mildly dipping limb of the Ramallah monocline. This monocline is part of a fold bundle known as the ''Syrian Arc folding system'' [Krenkel, 1924] , which crosses the Levant and evolved from the Late Turonian to the Neogene. The Soreq Formation typically consists of a stack of dolomite layers, separated by thin marl layers. Numerous cavities found in these layers are probably dissolved anhydrite nodules of diagenetic origin [Sass and Bein, 1978] . There are no indications for later dissolution processes that might have obliterated the original shape and size of the cavities. The characteristics of cavities and their associated joints were initially studied by Weinberger [2001b] at a road cut along Highway 443 between Jerusalem and Tel Aviv (31°52 0 N/35°08 0 E). Later, the road at this locality was widened and the original outcrop was severely obliterated. Nevertheless, the newly constructed road exposed fresh and excellent examples of surface morphology of cavity-driven joints (Figure 2 ). Two joint sets fracture the dolomite layers in approximately west-trending and northnorthwest-trending directions. The joints of both sets are arranged in en echelon architecture and are confined to certain layers (single-layer joints). Cross-cutting relations in the area studied indicate that the north-northwest-trending joints are younger than the west-trending joints, suggesting that the formation of the latter set was not influenced by pre-existing joints.
Joint Surface Morphology
[6] To elucidate joint processes and their relation to the rock heterogeneity, we examine the surface morphology of the cavity-driven joints. The most abundant type of surface morphology consists of circular to elliptical rib marks ( Figure 2 ) and is formed in layers with numerous cavities. The associated joints preferably nucleate at cavities (hereafter ''initiator cavities'') and propagate vertically toward the bedding interfaces and horizontally toward adjacent joints, forming circular to elliptical fractures. The horizontal semi-axis of the elliptical fracture is generally the major semi-axis.
The lower and upper vertical terminations of a joint are intersections between the joint and the bedding interfaces. A less frequent type of surface morphology consists of semi-circular to semi-elliptical rib marks. It is formed only in layers devoid of cavities. Such joints nucleate at bedding interfaces and propagate toward the layer base and adjacent joints, forming semi-circular to semi-elliptical fractures [Weinberger, 2001b] .
Cavity Properties
[7] For the present analysis we define the following variables. The cavity horizontal and vertical dimensions are 2C h and 2C v , respectively, measured through the cavity center to its periphery in the plane of the intersecting joint. The horizontal dimension, C d , is perpendicular to both C h and C v and was measured in initiator cavities only. The characteristic size of a cavity j, Z j , is defined as the mean of C h and C v . The cavity shape is defined as the ratio between C h and C v . D j is the distance from the top of the layer to the center of a cavity. The number of neighbors of cavity j is the number of cavity centers within a defined radius around its center. The size of this radius is equal to three times the largest measured radius of a cavity (i.e., 3C h = 0.36 m of cavity 24, Table 1 ). This definition assures that all cavities that might perturb the stress along the periphery of cavity j would be considered as neighbors. This is because a stress analysis in the vicinity of a spherical cavity in an elastic material indicates that the stress distribution is markedly affected by the cavity only within a volume of less than three radii from the center of the cavity [e.g., Hoek and Brown, 1980] (see also Appendix A).
[8] The cavity shape, size, location within the layer and number of neighbors of 58 non-initiator cavities and six initiator cavities were documented along a continuous 8-m long east-west traverse (Table 1) [see also Weinberger, 2001b, Figure 7] . These variables, except for the number of neighbors, were documented for an additional eight initiator cavities that were located within the same dolomite layer and several meters away from the traverse ( Table 1 ). The number of neighbors was not counted for these eight initiator cavities, because their neighbors were partly obliterated by erosion.
[9] The main observations reported by Weinberger [2001b] are as follows (Table 1) [Weinberger, 2001b , Figure 8 ]: (1) the shapes of the initiator cavities are approximately spherical; (2) the size distribution of all cavities is a power law; initiator cavities (median size Z m = 46 mm) are significantly larger than the average size of the non-initiator cavities (median size Z m = 21 mm; Mann-Whitney test, P = 0.0008); (3) initiator cavities are generally located above the layer centerline, whereas the most of the non-initiator cavities are located below the layer centerline and close to the bottom of the layer; and (4) initiator cavities have less neighbors than most of the non-initiator cavities.
Probability of Occurrence of Initiator Cavities
[10] Engineering aspects of brittle fracture inevitably embodies a probabilistic element, in which the ''risk'' for failure is analyzed. In this respect, flaw statistic enters as a central element of reliability analysis in brittle materials [e.g., Anderson, 1995] . Similarly, in this section we analyze the influence of cavity properties discussed above on the probability P of occurrence of initiator cavities, using the logistic regression. This regression is a useful tool in attempting to relate a binary to a continuous or discrete variable [Hosmer and Lemeshow, 2000] . The sample of cavities is described here by two types of variables: a binary variable (a cavity is either a joint initiator or it is not), and two continuous variables (cavity size and location within the layer) out of four cavity properties discussed above. Because the cavities are almost spherical and most of the initiator cavities are free of neighbors, the statistical analysis of these properties is pointless. We searched for the best fit between the probability P(x) and the proportion of success, which is the ratio between the number of initiator cavities and the total number of cavities within a certain bin range of x (i.e., cavity size or location within the layer). Following Hosmer and Lemeshow [2000] , we fitted P(x) using a regression equation of the type
Figure 2. Representative fracture surface morphology of a west-trending cavity-driven joint consisting of elliptical rib marks away from the cavity. The joint fringe is accompanied by en echelon cracks. Two arrows point to the intersecting points between a north-northwest-trending joint and bedding planes. This joint initiated later from the observed cavity in an almost perpendicular orientation. where f(x) is usually considered as a linear or a higher-order polynomial function. For many applications f(x) is assumed to be a linear function, leading to a monotonic P(x). However, this assumption is not physically justified for the present study. The simplest way to achieve a non-monotonic behavior of P(x) is by assuming that f(x) = ax 2 + bx + c is a second-order polynomial function with three adjustable parameters a, b, c. It is convenient to present the results in figures such as Figure 3 , in which the raw data are also presented as well as the calculated proportion of success.
[11] Figure 3a shows the role of cavity size in determining which of the cavity would initiate a joint. Cavities of sizes between 40 and 60 mm have relatively high probability to be initiators, whereas that of larger cavities decreases. Noticeably, this tendency could be the result of the small number of large cavities. Calculation of the logistic regressions for cavity location within the layer (Figure 3b ) shows that the probability that cavities located in the bottom of the layer initiate a joint is very low. The probability of cavities located above the centerline of the examined layer initiating a joint is higher than 0.4 and reaches values close to 1 at the top of the layer (Figure 3b ).
[12] We also estimate the probability P(x, y) as a function of two independent variables, namely the cavity size and location within the layer, in order to estimate the interplay between these variables. Instead of using a single-variable function f(x), we substitute a bi-parabolic function into equation (1):
Similarly to the single-variable analysis, the coefficients (A 1 , A 2 , B 1 , B 2 , C) of equation (2) were calculated by searching for the best fit between the calculated proportion of success and P(x, y) similar to the procedure applied in the single-variable case. Figure 3c shows the calculated equal-probability lines as well as the observed data of cavity size versus location within the layer.
The lines indicate that in order to keep a certain value of probability to initiate a joint, cavities located closer to the bottom of the layer must be larger. This situation holds up to a cavity size of about 60 mm, whereas for larger cavities the situation is reversed. As noted above, this tendency could be the result of the small number of large cavities.
[13] To better understand which cavities initiate joints and which do not, we first sorted the set of the 64 cavities with documented numbers of neighbors (1 to 64 in Table 1 ) in a descending order according to their size (Set A; n = 64). Taking the initiator cavity with the smallest size (64 ; Table 1 ), we defined a subset of larger non-initiator cavities (Set B; n = 21). In Set B, none of the 21 noninitiator cavities have higher values of location and fewer neighbors than initiator cavity 64. Similarly, we sorted the set of the 64 cavities in a descending order according to their location. Then we found 
Mechanical Analysis
[14] In order to study the stress distribution around cavities, we ran three-dimensional numerical simulations, which employ the Fast Lagrangian Analysis of Continua (FLAC) algorithm [Cundall and Board, 1988; Cundall, 1989; Poliakov et al., 1993; Ilchev and Lyakhovsky, 2001; Lyakhovsky et al., 2001] . This code was previously applied to study the stability of cavities and formation of sinkholes along the Dead Sea shore [Maimon et al., 2005] . For the simulation, single or pairs of cavities were embedded in a 1 m 3 cube, which includes 41 3 or 61 3 grid nodes, depending on the specific applied configuration (see below). The size of the tetrahedral grid elements was 5.40 Â 10 À6 m 3 far from the cavity, and it was reduced to 6.75 Â 10 À7 m 3 within 3 radii around the cavity in order to allow for better numerical accuracy close to the cavity. The adjustment of the cavity periphery by the tetrahedral elements leads to some mesh-related roughness of the cavity-host rock interface. On the basis of several tests, it was found that the stress evolved around cavities embedded in the 1 m 3 cube represents well the stress around cavities with radii up to 0.2 m embedded within a 1-mthick layer whose other two dimensions are two times greater than its thickness. These tests led to reliable calculations of stress in the cube, without the need to significantly increase the computational time. To test the validity of the code, we constructed an analytical solution for the elastic stress distribution around a cavity in an infinite medium under triaxial loading and found excellent agreement with the stress calculated numerically (see Appendix A). This agreement allows us to construct more complicated configurations in which the cavity size, location within the layer, and number of neighbors are modified in accordance with the field observations. Figure 3 . Logistic regressions showing the probability that a cavity-shaped flaw serves as an initiator of a joint depending on the cavity (a) size and (b) relative location within the layer (1 = top). Empty symbols are the source data, where non-initiator cavities are given probability 0; initiator cavities are given probability 1. Solid orange circles mark the calculated proportion of success (i.e., ratio of initiator cavities within the bin). Red lines are the best fit between P(x) and the calculated proportion of success. (c) Equal-probability lines in intervals of P(x, y) = 0.2 for the field of cavity size to relative location within the layer (1 = top). Diamonds are noninitiator cavities; squares are initiator cavities. 2007GC001782 [15] Forces applied to the edges of the simulated volume are defined according to the components of the remote principal stresses (Figure 4 ; compressive stress is defined as positive). The maximum compressive stress s 1 r = s zz r is vertical and equals the lithostatic pressure at the time of joint nucleation. The estimated thickness of the overburden at that time is about 260 m, assuming that the nucleation of the east-west trending joints is associated with the initiation of the Syrian Arc folding in the Late Turonian (see the section 2 Figure 4c is an isometric view showing envelopes of ''real'' tension (yellow) and maximum compression (red). s xx r = 0.66 MPa, s yy r = 2.16 MPa, s zz r = 6.15 MPa. The radius of the cavity is R = 0.09 m. East-west striking joint is expected to grow along the zy plane, bisecting the two lobes of tensional stress. 2007GC001782 simplest attempt to calculate stress at shallow depths below the Earth's surface on the assumption that there are no lateral displacements [Jaeger and Cook, 1979] . Palchic and Hatzor [2000] measured the elastic properties of dolomite samples from the Judea Group and reported a range of Poisson's ratios between 0.17 and 0.37. For an average value of n = 0.26 the magnitude of the intermediate compressive stress is s 2 r = 2.16 MPa. The least compressive stress s 3 r = s xx r is perpendicular to the joint surfaces and somewhat less compressive than s 2 r . We arbitrarily assign a stress difference of 1.5 MPa between the intermediate and the least compressive stress, and hence s 3 r = 0.66 MPa. The off-diagonal remote stress components are s xy r = s xz r = s yz r = 0. Notably, the defined remote state of stress employs compression all around in a medium devoid of cavities. The applied force boundary conditions along the left-right and front-back surfaces of the model correspond to these stress components.
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[16] The basic configuration includes a single spherical cavity with a radius R = 0.09 m located in the center of the cube and subjected to the compressive remote stress described above. The three-dimensional stress around the cavity is presented in isometric views and shows the transformation of the remote compression into local tension around the periphery of the cavity (Figures 4a and 4b) . We do not specify the fracture criterion under tension, because the extrapolation of the failure envelope to the tensile stress regime is still controversial [e.g., Engelder, 1999] . Instead, we expect that the probability of joint nucleation at regions with tensional stresses around the cavities increases with the stress magnitude. In the xz plane, the plotted contours of tensile stress resemble that around a mode-I crack (Figure 4a ) [Pollard and Segall, 1987] . In the present three-dimensional setting, these regions are sections through lobes (isopachs) of the normalized less compressive stress around the cavity (Figure 4c ). The zy plane bisects these lobes and the nucleated joint is expected to grow along it (Figure 4c ). For comparison between different configurations and quantifying their tendency to initiate joints, we search for the magnitude of the least compressive stress in the cube. The stress at a point located along the periphery of the cavity (r = R), where r is the distance from the cavity center and R is the radius of the cavity, is expected to be more tensional than away from the periphery. However, the stress magnitudes at those points are quite sensitive to the mesh-related roughness of the cavity-host rock interface. Hence, the least compressive stress is searched at a distance of r = 1.05R around the center of the cavity. For the basic configuration where R = 0.09 m, s 3 = À1.1 MPa serves as a reference value for further stress calculations in different configurations.
[17] The effect of cavity size on the stress magnitude was tested for spherical cavities located in the center of the simulated volume with varying radii between 0.08 m and 0.16 m (equal to 0.08 and 0.16 of the layer thickness). The stress distribution around the spherical cavity in the infinite elastic space is self similar and depends only on the ratio between the distance (r) and the radius of the cavity (R). Stresses around the spherical cavity in the layer are expected to deviate from the selfsimilar distribution once the cavity size becomes comparable to the thickness of the layer. To demonstrate this effect we compared the stress magnitude calculated numerically for the finite volume with the analytical solution for the infinite volume (Appendix A). For radii up to 0.1 m, the normalized least compressive stress (s 3 À s 3 r )/s 3 r equals that of the analytical solution and no size effect is detected ( Figure 5 ). For radii greater than 0.1 m (i.e., threshold size), the normalized least compressive stress monotonously increases with the radius of the cavity, and the tension around the cavity may be as much as 40% higher than that of the analytical solution ( Figure 5 ).
[18] The effect of the cavity location within the layer on the stress magnitude was tested for a cavity with constant radius R = 0.09 m. The location of the cavity center varied between 0.2t and 0.8t, where t is the thickness of the layer (Figure 6 ). The stress magnitudes were detected separately at a distance of r = 1.05R vertically above and below the cavity equator. The stress monotonously increases for cavities located at growing distances from the bottom of the layer (Figure 6 ). The stress magnitudes above the cavity equator are systematically larger than these below the cavity equator. This is due to the more effective interaction between the upper periphery of the cavities and the free surface.
[19] Field observations analysis indicates that the probability that cavities with more than one neighbor initiate a joint is very low. Hence, the effect of the number of neighbors on the stress magnitude was tested for pairs of cavities in different configurations. In one on top of the other configuration, the tensional stress at the periphery of the cavities was suppressed (Figure 7a ), whereas in a diagonal configuration and a side by side the stress en- hanced ( Figure 7b ) and unchanged, respectively. These results indicate that neighboring cavities may have a profound effect on the concentration of stress by cavities.
Discussion and Conclusions
[20] The population of cavity-shaped flaws and their associated joints in the Soreq Formation provides a unique opportunity to characterize the factors governing joint nucleation from flaws. In what follows we discuss the relative importance and effect of cavity shape, size, location within the layer, and number of cavity neighbors on joint initiation. We also consider the influence of cavity-related porosity on rock strength.
Cavity Shape
[21] We could only partly estimate the role played by cavity shape in governing the joint initiation points in the Soreq Formation, because the shape of the cavities is restricted to a narrow range close to a sphere. Three cavities that have eccentric shapes with axes ratios up to 2.0 are non-initiators (22, 33, 51, Table 1 ), although the stress concentration factor of such eccentric cavities should be higher than that of several spherical initiator cavities (e.g., 47, 56, 65; Table 1 ). For the present flaw population with a limited range of cavity shapes, this discrepancy between theory and observations suggest that the remaining factors are more important than the flaw shape in governing the joint initiation points.
Cavity Size
[22] For two closely located cavities of similar shape, location within the layer and number of neighbors, the larger cavity tends to be an initiator cavity (e.g., compare cavity pairs [7, 8] and [10, 19] ; Table 1 ). The present numerical analysis of a cavity embedded in a layered material indicates that up to a certain threshold values of cavity size the normalized least compressive stress (s 3 À s 3 r )/s 3 r along the cavity periphery is almost identical to that calculated analytically for a cavity embedded in an infinite material. For sizes larger than this threshold, (s 3 À s 3 r )/s 3 r monotonously increases and significantly deviates from the values calculated analytically ( Figure 5 ). This size effect is related to the volume over which the stress perturbation due to the existing cavity acts. For a relatively large cavity, the enhanced interaction between this perturbed stress field and the weak bedding interfaces leads to stress amplification along the cavity periphery. 
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The increase in tension along the cavity periphery with cavity size would lead to a failure of relatively large cavities more readily than of smaller ones. This result is compatible with actual strength measurements in rock mechanics experiments, which indicate that samples fail at lower strength with increasing cavity size [Anderson, 1995] .
[23] For the present set of cavity sizes, this mechanical interpretation is only in partial agreement with the field observations and calculated probability. The calculated probability based on a parabolic assumption for f(x) (Figure 3b) shows no prominent threshold size but a gradual increase of the probability to initiate a joint for cavity sizes up to 50 mm. For larger cavities than that, the probability decreases (Figure 3b ), in contrast to the predictions of the mechanical analysis. This discrepancy may be explained in two ways. The first is related to the small population of initiator cavities relative to that of the non-initiator cavities, which might not provide a sample of initiator cavities larger than 75 mm but does provide a sample of non-initiator cavities larger than that (Table 1) . The second possibility is related to the dominant role played by two other factors, location within the layer and the number of neighbors that seem to hinder the effect for cavity size in cavities larger than 50 mm. The latter is supported by the observation that most non-initiator cavities larger than 50 mm are located closer to the bottom of the studied layer (relative location < 0.25t) (Figure 3c ) and they commonly have more than four neighbors (Table 1) , suppressing joint initiation (see below).
[24] In addition to the size effect discussed above, another size effect arises at a much smaller microstructure scale. We predict that cavities are associated with grain-scale cracks that some of them later were developed to macroscopic joints. For a spherical pore (cavity) of radius R and annular (radial) crack of length l subjected to tensile loading s, the stress intensity factor at the crack tip is [Lawn, 1993] :
where 8 is a geometrical term related to the crack shape. For R ( l, f ! 1 and for R ) l, f ! 2-3. l is typically scaled with grain/mineral size of the material and could be considered a constant for all cavities. Hence, on the basis of equation (3) larger cavities (R ) l) were associated with higher stressintensity factors at their associated annular crack tips. This increases the potential of initiating macroscopic joints from relatively large cavities.
Location Within the Layer
[25] The spatial distribution of cavities in the studied layer is non-uniform, with pronounced clustering toward the bottom of the layer. This, in turn, leaves relatively isolated cavities above the layer centerline, many of which are initiators. This observation indicates that the two variables, location within the layer and the number of neighbors are interrelated. For the location within the layer, the probability is quite low near the bottom of the layer, steeply rises near the centerline of the layer, and asymptotically reaches values close to P = 1 near the top of the layer.
[26] The mechanical analysis indicates that the magnitude of the stress ratio (s 3 À s 3 r )/s 3 r monotonously increases for cavities located at increasing distances from the bottom of the layer. The increase of stress magnitudes are due to effective stress transfer from the upper boundary into the layer and to cavities located more closer to this boundary. This mechanical result is in good agreement with the field observations and analysis of probability of occurrence.
Interplay Between Cavity Size and Cavity Location
[27] The interplay between the cavity size and location within the layer is predicated by P(x, y), where x and y are the former and latter variables, respectively (Figure 3c ). The calculated probabilities show a range of locations above the layer centerline and cavity sizes larger than 40 mm that are prone to nucleation with probabilities higher than 0.8. The equal-probability lines indicate that in order to keep a certain value of probability to initiate a joint, cavities located closer to the bottom of the layer need to be larger. This situation holds up to cavity size of about 60 mm, whereas for larger cavities the situation is reversed. The mechanical analysis provides additional insight into the importance of location within the layer compared to the cavity size in determining a joint initiation point. For the values of location documented here, the calculated stress ratio (s 3 À s 3 r )/ s 3 r can reach a value of À3.3 (Figure 6 ), whereas for the observed cavity sizes, this calculated stress ratio is less than À2.7 (Figure 5 ).
Number of Cavity Neighbors
[28] The above discussion suggests that in addition to the location within the layer the number of neighbors of a cavity plays an important role in determining the initiator cavities. This conclusion is supported by direct field observations (Table 1) , which show that a cavity free of neighbors is usually an initiator, whereas a cavity with one or more neighbors is usually a non-initiator. The mechanical analysis supports this conclusion by attesting to the possibility that stress distribution near a cavity in an elastic medium is markedly affected by the cavity within an area of about three radii from its center (see Appendix A). Thus, closely located cavities may inhibit joint initiation due to the stress perturbation induced by adjacent cavities (Figure 7a ). On the other hand, in more plausible configurations, a cavity in less dense regions might communicate with other cavities, facilitating joint nucleation due to stress enhancement (Figure 7b ). In the Soreq Formation, stress suppression was apparently much more dominant than stress enhancement. We attribute this to the complex three-dimensional distribution of cavities, in which neighboring cavities not only exist in the plane of the initiator cavity and associated joint but they also exist in various positions relative to it.
Tensile Strength and Rock Porosity
[29] The failure of rocks under compression is well studied and the Coulomb failure criterion is one of the most widely used criteria to characterize the conditions for the onset of faulting [e.g., Jaeger and Cook, 1979] . The advantage of this calculation to predict rock failure has been supported by laboratory rock experiments. However, the extension of the Coulomb failure criterion to the tensile stress regime is less defined [e.g., Engelder, 1999; Ramsey and Chester, 2004] and the support from laboratory rock experiments are very limited [Brace, 1960; Weinberger et al., 1994] . In addition, size effects preclude the possibility of direct estimating the tensile strength of rock masses from that measured in the laboratory [Lawn, 1993] . For a certain rock type, the laboratory measured values might be considered as an upper limit of the tensile strength of this type of rock mass. Therefore, instead of utilizing a robust criterion for rock failure under tension, we search for regions with tensile stresses that potentially serve as failure regions adjacent to the cavity periphery. In general, increase the tensile stress around cavities enhances the probability of joint nucleation. However, this effect is complicated by the interaction of neighboring cavities. It has been proposed that increase of the concentration of cavities, or porosity increase is associated with reduction of the elastic moduli and strength of rocks [e.g., Lawn, 1993; Mavko et al., 1996] . This approach underestimates the role of pore distribution within the material as well as on the textural grain size parameter of the material [e.g., Hatzor and Palchik, 1997; Palchic and Hatzor, 2000] . In order to assess the possible effect of pore distribution on rock strength and failure, we calculated the 2-D spatial distribution of porosity in the studied dolomite layer. Figure 8 shows that the dolomite layer includes areas of high and low porosity depending on the cavity distribution. The high porosity is commonly located near the base of the layer and the low porosity mainly above the layer centerline. Apparently, the areas near the base of the layer should be weaker than other areas and would fail before the low-porosity ). For locations of cavity-driven joints see Table 1 . areas. Nevertheless, the surface morphology of the joints unambiguously shows that rock failure was initiated at low-porosity areas. This discrepancy between the expected strength reduction associated with ''microporosity'' and the present observation is attributed to the effect of ''macro'' cavity clustering. In the carbonate rocks studied here, the local increase of strength at high porosity areas might be due to stress suppression by neighboring cavities. Toughening mechanisms were recognized in ceramics and is associated with geometrical and shielding processes [e.g., Lawn, 1993; Anderson, 1995] . Although the scale of the cavities is 4-5 order of magnitude larger than those typically observed in ceramics, the same mechanism might hold during brittle fracturing of the carbonate rocks. In zones of numerous cavities near the base of the layer, toughening processes seem to be dominant. This conclusion is corroborated by the study of Germanovich and Astakhov [2004] , who predicated decrease in permeability due to the interaction of closely spaced joints. Hence, the mechanism of strength reduction by increasing porosity cannot simply apply to heterogeneous media such as carbonatic rocks, and pore distribution should be accounted.
[30] We conclude that spherical cavities or macroscopic flaws within the beds of the Soreq Formation that function mechanically to initiate joints are larger and more isolated than non-initiator cavities. Since cavities are concentrated near the layer bottom, the initiator cavities are found away from the bottom of the layers. This conclusion is supported by probability tests and mechanical analysis of three-dimensional stress distribution around cavities in an elastic medium.
Appendix A
[31] To test the validity of the present three-dimensional numerical code, which employs the Fast Lagrangian Analysis of Continua (FLAC) algorithm [Cundall and Board, 1988; Cundall, 1989; Poliakov et al., 1993; Ilchev and Lyakhovsky, 2001; Lyakhovsky et al., 2001] , we constructed an analytical solution for the elastic stress distribution around a cavity in an infinite medium under triaxial loading. The remote stress 
where p is the pressure or the mean stress, and t 1 and t 2 are shear stress components in the xy and xz planes, respectively. 
Components of the displacement vectors u and v in a Cartesian coordinate system (x, y, z) corresponding to the shear stress components in the xy and xz planes of (equation (A2)) are:
The converted displacement vectors in the spherical coordinate system are: 
The solution (A8) represents spherical components of the displacement vector around a cavity under remote shear stress acting in the xy plane; similarly, (A9) represents spherical components of the displacement vector around a cavity under remote shear stress acting in the xz plane. Substituting the displacement vectors (equations (A8) and (A9)) into an equilibrium equation for a linear elastic solid and after tedious derivations [Christensen, 1979] leads to a general solution for the radial dependent functions (n is Poisson's ratio):
Far from the cavity the displacement vectors (equations (A8) and (A9)) should approach the homogeneous solution (equations (A6) and (A7)). These conditions define the A 1 value of (equation (A10)), which is A 1 = e 1 for the U-components and A 1 = e 2 for the V-components, respectively. Vanishing of the radial and shear stress components at the surface of the cavity s rr j R¼r ¼ 0; s rq j R¼r ¼ 0; s r8
leads to the expression for the coefficients A 2 and A 3 of (equation (A10)): Figure A1 . Results of an analytical solution (solid line) and a numerical simulation (diamonds) for the decay of the radial stress with distance from a cavity along the z axis (s rr (r), q = 8 = 0). The cavity is embedded in an infinite media (analytical solution) or in a 1 m 3 cube (numerical simulation) and subjected to triaxial loading (s xx r = 0.66 MPa, s yy r = 2.16 MPa, s zz r = 6.15 MPa). The radius of the cavity is R = 0.09 m; r is the radial distance from the center of the cavity. for the displacement vector u (equation (A8)), and, similarly, can be calculated for displacement vector v (equation (A9)). The sum of the two calculated components leads to the strain tensor corresponding to the remote shear stresses acting in the xy and xz planes. The stress tensor for the known deformation is calculated using the Hook law: Figure A1 shows the results of the analytical and the numerical solutions for the decay of the radial stress components with distance from the cavity along the z axis (s rr (r), q = 8 = 0). There is an excellent agreement between the analytically calculated stress and that calculated numerically.
